Presented here are femtosecond pump-probe studies on the watersolvated 7-azaindole dimer, a model DNA base pair. In particular, studies are presented that further elucidate the nature of the reactive and nonreactive dimers and also provide new insights establishing that the excited state double-proton transfer in the dimer occurs in a stepwise rather than a concerted manner. A major question addressed is whether the incorporation of a water molecule with the dimer results in the formation of species that are unable to undergo excited state double-proton transfer, as suggested by a recent study reported in the literature [Nakajima, A., Hirano, M., Hasumi, R., Kaya, K., Watanabe, H., Carter, C. C., Williamson, J. M. & Miller, T. (1997) J. Phys. Chem. 101, 392-398]. In contrast to this earlier work, our present findings reveal that both reactive and nonreactive dimers can coexist in the molecular beam under the same experimental conditions and definitively show that the clustering of water does not induce the formation of the nonreactive dimer. Rather, when present with a species already determined to be a nonreactive dimer, the addition of water can actually facilitate the occurrence of the proton transfer reaction. Furthermore, on attaining a critical hydration number, the data for the nonreactive dimer suggest a solvation-induced conformational structure change leading to proton transfer on the photoexcited half of the 7-azaindole dimer. C luster science studies have long been utilized to yield unique perspectives of microscopic properties related to the bulk condensed phase (1). This approach involves the investigation of a broad spectrum of clusters ranging from isolated species to the study of fully solvated species, thus illustrating the progression from the gas phase to the condensed phase. In reference to our specific experiments as an example, we have been able to study the excited state double-proton transfer (ESDPT) of the 7-azaindole (7-Aza) dimer under conditions ranging from an isolated dimer to a state of solvation where the hydrogen-bonded dimer is clustered with as many as nine water molecules. As the number of water molecules on the nonreactive dimer increases, we begin to see evidence that the dimer molecule is behaving more as it would in a fully solvated condensed-phase environment. In support of these findings, it has been reported that clusters with as little as six waters begin to show liquid-like properties (2-4).
C
luster science studies have long been utilized to yield unique perspectives of microscopic properties related to the bulk condensed phase (1) . This approach involves the investigation of a broad spectrum of clusters ranging from isolated species to the study of fully solvated species, thus illustrating the progression from the gas phase to the condensed phase. In reference to our specific experiments as an example, we have been able to study the excited state double-proton transfer (ESDPT) of the 7-azaindole (7-Aza) dimer under conditions ranging from an isolated dimer to a state of solvation where the hydrogen-bonded dimer is clustered with as many as nine water molecules. As the number of water molecules on the nonreactive dimer increases, we begin to see evidence that the dimer molecule is behaving more as it would in a fully solvated condensed-phase environment. In support of these findings, it has been reported that clusters with as little as six waters begin to show liquid-like properties (2) (3) (4) .
The model DNA base pair 7-Aza has proven to be an interesting and enlightening species for study in both the gas and condensed phases. Of utmost interest is the double-proton transfer that the 7-Aza dimer undergoes on excitation to the S 1 state. This ESDPT was first observed in solution by Kasha and coworkers (5) . Later, Kaya and coworkers performed extensive supersonic jet spectroscopic studies on the 7-Aza monomer, dimer, and solvated forms of these species (6) (7) (8) (9) . The first direct determination of the rates of the double-proton transfer was made in the gas phase by Zewail and coworkers (10) , who provided definitive evidence for a stepwise rather than a concerted process. Subsequent studies of the proton-transfer dynamics performed in the gas phase by Folmer et al. (11) , using a unique femtosecond laser Coulomb explosion technique that enabled the intermediate state in the transformation to be arrested and detected, yielded further proof of the stepwise process. Regarding the process in the condensed phase, several recent studies have been reported (12) (13) (14) of the rate of the ESDPT by using ultrafast spectroscopic techniques.
The exact nature of the mechanism for the ESDPT in 7-Aza has been vigorously debated in the literature. The major point of dispute is whether the double-proton transfer proceeds in a stepwise or a concerted fashion. Proponents of the concerted pathway point primarily to earlier condensed phase studies where, in the presence of a nonpolar liquid, the proton transfer was reported to occur in what was interpreted to be a one-step process on the order of 1.1 to 1.4 ps (12, 13, 15) . Those who support the stepwise mechanism, however, look toward both gas-phase and more recent condensed-phase experiments for their most compelling arguments (10, 11, 14, 16) . In their most recent paper on the subject, Zewail and coworkers performed a series of experiments in the condensed phase on the proton transfer of 7-Aza dimer in nonpolar solvents using both transient absorption and fluorescence up-conversion techniques (16) . Their paper clearly shows that the double-proton transfer of 7-Aza is a stepwise process in the condensed phase as long as the excitation energy is near the 0,0 transition.
Zewail and coworkers initially reported gas-phase measurements establishing a two-step ESDPT process in the 7-Aza dimer, yielding times of 650 fs and 3.3 ps for the first and second proton transfers, respectively, for excitations near the 0,0 transition (10) . Later, work in our group arrived at similar conclusions by utilizing the above-referenced Coulomb explosion technique (11) . Interest in connecting the observations in the gas phase with those in the condensed phase continues. Moreover, another controversial subject has arisen in the gas-phase studies, namely the origin and nature of an unreactive dimer that has been observed to arise upon the formation of 7-Aza dimer under higher molecular beam expansion conditions than those used to produce the reactive dimer, which has been investigated most extensively.
In the course of studying the 7-Aza dimer, Kaya and coworkers observed the existence of two isomers of this species depending on the stagnation pressure used in the supersonic expansion (7). These isomers behave differently and are referred to as the reactive and nonreactive dimers. Based on Kaya's studies, the reactive dimer appears to undergo a normal double-proton transfer, in that it is shown to emit a normal visible fluorescence spectrum on formation of the tautomer, whereas the nonreactive dimer does not show a fluorescence spectrum indicative of full tautomerization. Kaya and coworkers initially explained the behavior of the nonreactive isomer by suggesting it had a geometry differing from the planar one expected for the reactive dimer and that the two isomers arise because of different cluster beam temperatures generated through using differing stagnation pressures in the experiments. This position is also supported by Lopez-Martens et al., who suggest that spectral evidence points Abbreviations: ESDPT, excited state double-proton transfer; amu, atomic mass unit; 7-Aza, 7-azaindole.
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toward the formation of a hydrogen-bonded dimer with out-ofplane hydrogens, resulting in a dimer characterized either by a displaced biparallel geometry or by an out-of-plane geometry (17) . Recently Kaya set forth another explanation (9) . Invoking evidence obtained using IR depletion spectroscopy, they suggest that the nonreactive dimer actually contains an associated water molecule that, on photoexcitation, dissociates, leaving a lowenergy dimer molecule that is unable to undergo the ESDPT.
The present paper begins with an overview of the femtosecond Coulomb explosion imaging method (CEIM) developed by our group and demonstrates the power of the method in directly observing intermediates in certain classes of reactions. Then, we turn our attention to recent studies of the nonreactive dimer by using both CEIM and the optical transient pump-probe technique. Finally, we address in detail the results of extensive new studies in our laboratory on the effect of hydration on the reaction dynamics.
Experimental Methods and Concepts
Arresting Intermediates in a Reaction via Coulomb Explosion. During the course of investigating cluster dynamics by using highintensity femtosecond laser techniques, we discovered that with proper selection of the photoionization conditions (18, 19) , Coulomb explosion can be initiated in clusters at moderate fluences and in a controlled way. Using various pump-probe studies performed at selected time delays with respect to a pulsed molecular beam in which clusters were produced, and also using covariance analysis (20) to investigate the origin of observed high-charge state species, we established the critical role of clusters in effecting the Coulomb explosion phenomena (21) . This led us to conceive of a way to study the course of stepwise reactions, e.g., proton transfer, by attempting to arrest the intermediates in the transfer process at selected times. Experiment, as well as theory, indicates that the formation of ions in a femtosecond laser pulse (22) and the concomitant Coulomb explosion phenomenon (21) are completed on a very short time scale (ref. 23 ; unpublished calculations were performed to determine the separation time between two model 7-Aza monomers yielding times less than 25 fs), lending promise that the Coulomb explosion imaging method could be used in ''viewing'' intermediates at selected times during the course of a reaction (11, 24) . We have successfully used this method to follow the course of reactions in 7-Aza dimers and to detect the reaction intermediate as well. The concept behind the process is shown schematically in Fig. 1 .
In this method, the formation and temporal evolution of the intermediate can be clearly resolved in the mass spectrum by initiating a Coulomb explosion event at varying chosen time delays with respect to the pump photon. The stepwise doubleproton transfer for 7-Aza dimer is illustrated in Fig. 2 , which also provides mass spectral evidence of the formation of the intermediate. The mass 119 and 118 species can be seen to vary in time with respect to pump and probe laser beam overlap. It was concluded that the rise and fall of the 119-atomic mass unit (amu) species, with respect to the 118-amu species, represented the formation of an intermediate species, followed by subsequent tautomer formation in accordance with the temporal dependence of the Coulomb explosion-generated mass fragments. Calculations suggest that the time scale during which the molecular centers separate by Coulomb explosion, and thereby prevent further transfer of the protons, is on the order of 25 fs, thus making this method a useful technique for interrogating ultrafast reaction intermediates (23) . The transient behavior of the protonated 7-Aza monomer arising from the Coulomb explosion event (mass 119 amu) can be attributed only to a stepwise transfer process, with an associated minimal contribution to mass 119 due to the isotopic distributions of the constituent atoms.
One question that might be raised, however, is whether it is possible that the protonated 7-Aza monomer detected in the experiment arises merely from collisions between a 7-Aza monomer and a proton formed during the excitation process. An analysis of the density within the molecular beam and the possible number of collisions definitively establishes that this process could not account for the observed protonated 7-Aza monomer intensity. Assuming an ion-molecule reaction with an upper limit Langevin rate constant of 8 ϫ 10 Ϫ9 sec Ϫ1 , we 
Fig. 2.
Depiction of the 7-Aza dimer as it undergoes a stepwise ESDPT. Masses are shown for the species that would arise at each step if Coulomb explosion were to break the dimer apart. Mass spectra are also shown at a time t and t ϩ 600 fs depicting the rise seen in the mass 119 signal as the intermediate is formed and broken apart by Coulomb explosion. For the case of the reactive dimer, the mass 119 signal drops back to its original intensity, whereas in the case of the nonreactive dimer, the mass 119 species remains dominant over the mass 118 throughout the duration of the experiment.
determined that under our experimental conditions, only a maximum of 0.8% of the mass 119 could result from an ion-molecule reaction. Moreover, if this were the origin of the species of mass 119, it would not show the temporal evolution with the femtosecond pump-probe delay times, as is observed in our Coulomb explosion experiments.
In addition, it was necessary to establish that Coulomb explosion was actually operative during the interrogation of the reaction via the intense probe pulse. The fact that Coulomb explosion is actually operative is demonstrated in Fig. 3 . As can be seen, when the dimer is not present, the nascent 119-amu peak that is present is only because of the isotopic distribution of 7-Aza. When 7-Aza dimer is present, however, the intensity of the 119-amu species far exceeds the isotopic composition, thus proving that the 119-amu species is arising from the dimer. Furthermore, peak broadening of the 118-and 119-amu species illustrates that Coulomb explosion is the operative separation mechanism for the dimer (19, 21) .
Cluster Production and Experimental Procedures. A cluster beam of 7-Aza was formed by heating the compound (Sigma) to about 150°C, followed by supersonic expansion into a vacuum with a helium backing gas. The helium pressure used depended on the desired characteristics of the generated cluster beam. A lower backing pressure [Ϸ300 torr (1 torr ϭ 133 Pa)] resulted in the almost exclusive formation of the reactive dimer, whereas higher pressures (Ϸ3,000 torr) resulted in the near-exclusive formation of nonreactive dimer. Backing pressures between these values led to cluster beams containing both reactive and nonreactive dimer species. Subsequent experiments were conducted at 1,200 torr, where both reactive and nonreactive dimers were detectable, depending on which portion of the molecular beam was investigated.
Experiments to produce a dimer purposely solvated with a water molecule were accomplished by bubbling the helium backing gas through a water cell before introduction into the sample holder. Once formed, the desired cluster species were interrogated by using pump-probe transient spectroscopy. The ionized species were then analyzed with a reflectron time-offlight mass spectrometer. The femtosecond laser pulses were generated by using a colliding pulse mode-locked ring dye laser. The laser pulses had a pulse width of Ϸ200 fs, were centered at 620 nm, and had an energy after amplification of around 1.5 mJ per pulse. Pump-probe experiments were performed by using a 310-nm pump beam and a 620-nm probe beam. The 310-nm pump beam was prepared by separating 50% of the fundamental and focusing it through a beta barium borate crystal to generate the second harmonic. The 310-nm pump and the 620-nm probe beam were then colinearly recombined and focused (40-cm lens) into the mass spectrometer to intercept the molecular beam.
Results and Discussion
Studies of the Nonreactive Dimer. In recent experiments reported here, we have used our Coulomb explosion technique to interrogate the nature of the nonreactive dimer. The method was performed in an identical manner to the technique used to study the reactive dimer, i.e., with a weak 310-nm pump pulse and a strong Coulomb explosion inducing 620-nm probe pulse (11) . We observed a Coulomb exploded mass 119 species that grew in around the laser overlap time and then remained constant for the remainder of the experiment (unlike the reactive dimer). The temporal behavior of the nonreactive dimer is shown in Fig. 4 , where the ratio of the mass 119 to the mass 118 species generated for this cluster is plotted with respect to the delay between the pump and probe laser beam. Fig. 4 Inset shows the Coulomb explosion transient for the reactive dimer where, relative to the species of mass 118, the mass 119 species exhibits a rise and fall corresponding to two proton transfers. The rise of the 119 species in the nonreactive dimer transient is suggestive of the formation of an intermediate species by means of a single-proton transfer, but of a species that is unable to complete the second proton transfer to form the tautomer. This result is consistent with the suggestion that the nonreactive dimer is a conformational isomer that is conducive only to a single-proton transfer, but that does not facilitate the completion of the two-step process. Such a result could be imagined from the suggestions put forth by Lopez-Martens et al. (17) of a displaced biparallel or out-of-plane geometry that is not favorably aligned to allow for a double-proton transfer on excitation.
If one proton were being transferred, as the Coulomb explosion data suggest, then the optical transient for the nonreactive dimer (Fig. 5A) would also be expected to show this in the form of a fast decay. Hence, experiments were conducted of the ionization yield as a function of pump-probe delay at low fluences for the bare singly and doubly hydrated nonreactive dimer in a matter similar to that used by Zewail (see Fig. 5 ). The expected optical transient for the bare nonreactive dimer is not seen in Fig. 5A . The seemingly conflicting results that these two techniques show could be explained if the ionization cross section for the nonreactive dimer with one transferred proton were the same as, or nearly identical to, the cross section for the normal nonreactive dimer. If the cross sections were the same, then one would not be able to see the single-proton transfer in the optical transient experiment. In view of the differences in molecular symmetry of the species studied under reactive vs. nonreactive conditions, differences in the cross section of the intermediate formed in the two situations could be expected.
Another possible explanation is that, in the case of the nonreactive dimer, the Coulomb explosion technique is not yielding observation of a complete proton transfer event. Instead, it may be sampling a hydrogen atom arising from the hydrogen-bonding proton located between the nitrogen atoms on opposite dimer species that becomes displaced upon photoexcitation. If this were the case, the formation of the temporal dependent mass 119 species would result from forced separation of the dimer species upon Coulomb explosion. The optical transient experiment would not be able to detect an event of this nature.
Next, we address the question whether the presence of a water molecule bound to the 7-Aza dimer could be responsible for the nonreactive dimer, as suggested by one study in the literature (9).
In the present communication, we present evidence from femtosecond pump-probe studies on the water-solvated dimer that establishes that the presence of a water molecule is not responsible for the formation of what Kaya termed a nonreactive dimer. In fact, our studies show that the presence of a water molecule clustered with the nonreactive dimer actually facilitates proton transfer in this species.
As one would expect, the reactive and nonreactive dimers were observed to exhibit very different pump-probe optical transients. As mentioned above, although only the reactive dimer is seen at low backing pressures and the nonreactive, at high pressures, both can be observed at intermediate pressures such as 1,200 torr. Fig. 6A depicts the pump-probe transient for the nonreactive dimer, whereas Fig. 6B shows data for the reactive dimer. Both transients were taken under identical conditions, except that the femtosecond ionization transient for the nonreactive dimer was taken with the laser intercepting the molecular beam after a delay of 20 s, with respect to when the reactive dimer was interrogated. The transient of the reactive dimer was best fit with a biexponential function with time constants nearly identical to those obtained by Zewail (10) and deduced via our Coulomb explosion investigations (11) . The transient of the nonreactive dimer, on the other hand, shows a long-lived decay with respect to the reactive dimer, which indicates that the double-proton transfer has not occurred. The fact that both species are present under the same experimental conditions points toward the original suggestion (7) that different structural isomers are responsible for the different reactive nature of the two experimental situations. This observation leads one to conclude that the temperature of the molecular beam is responsible for the formation of different isomers, rather than the bonding of a water molecule being responsible for the change in the ESDPT behavior.
To further address this point, we subsequently investigated hydrated 7-Aza to examine whether water molecules incorporated with the dimer would promote the formation of a nonreactive dimer. A characteristic solvation mass spectrum is shown in Fig. 7 . Typically, species of (7-Aza) 2 (H 2 O) n , where n ϭ 0-9, were produced at concentrations sufficiently intense to be interrogated with pump-probe techniques. Again, both reactive and nonreactive dimer species could be produced in conjunction with higher-order clusters that have varying degrees of solvation. As mentioned above, species are considered reactive if they exhibit a fast decay in their pump-probe trace that can be fit best by using a biexponential function, whereas species are considered nonreactive if their pump-probe transients show a longlived lifetime with respect to the reactive dimer.
A significant finding is seen from the data displayed in Fig. 5  B and C. Here, solvation studies were carried out on a typical nonreactive dimer species obtained at intermediate backing pressures yielding the femtosecond ionization transient data displayed in Fig. 5A . With the addition of one water molecule to the dimer, the transient shows a pump-probe trace that is indicative of the occurrence of the double-proton transfer (see Fig. 5B ). Transfer times correspond to 550 Ϯ 100 fs for the first transfer and to about 2.8 ps for the second step. The same situation is seen in Fig. 5C , where two waters are attached to the dimer. Here proton transfer rates occur at 560 Ϯ 100 fs and 2 ps, respectively. The above-mentioned transients show that a water molecule cannot be responsible for the formation of the nonreactive dimer and provides conclusive evidence that the conformational isomers resulting from temperature differences in the molecular beam are responsible for the changing reactivity of the 7-Aza dimer.
For comparison, Fig. 8 shows the case where a water molecule was attached to a species that exhibited reactive dimer characteristics in the unsolvated state; the species were produced at an intermediate backing pressure. If a water molecule was responsible for the formation of the nonreactive dimer, the species (7Aza) 2 H 2 O should show a long-lived transient. A long-lived species is not observed. Fig. 6A displays the transient for the dimer with no water attached, and it is readily seen that the trace is indicative of a reactive dimer. Fig. 8 exhibits the trace for the monohydrated reactive dimer. This trace also shows a pattern that can be fit with a biexponential function having transfer times, 1 and 2 , of 370 fs and 3 ps, respectively. Our findings establish conclusively that double-proton transfer also occurs for the monohydrated dimer species.
The Effects of Progressive Hydration. Pump-probe traces were obtained for (7-Aza) 2 (H 2 O) n , n ϭ 0-9, as displayed in Fig. 9 . For the experimental conditions used in conducting the experiments reported in this section, the unsolvated dimer species was found to exhibit a nonreactive pump-probe trace, whereas all solvated species show a fast decay illustrating the occurrence of double-proton transfer. An interesting phenomenon in this data set is the progression from a biexponential fit to a single exponential decay fit at progressively higher orders of solvation. Table 1 shows the proton transfer times obtained by fitting the data. The data for one, two, and three waters fit well to a biexponential function; however, the Fig. 7 . Water solvation mass spectra of 7-Aza expanded to show water clustering on the dimer. Clusters of (7-Aza) 2(H2O)n, where n ϭ 1-9, can readily be seen. data from four to nine waters do not. A single exponential fitting function was found to successfully model the data for five, six, seven, eight, and nine waters. However, the data for four waters did not fit well with either a single or double exponential function. Fig. 10 depicts the single exponential decay fits for the dimer solvated with eight and nine waters. A compilation of both single and biexponential fit values is shown in Table 1 . Initially, it seemed that the transition from a biexponential to a single exponential process signified a shift from stepwise to concerted double-proton transfer. In light of Zewail and coworkers' recent work (16), however, this seems unlikely. Alternately, instead of a transition from a two-step process to a concerted mechanism as the number of solvent molecules increases, it might be thought that the initial proton transfer could be occurring on a time scale too fast to be resolved with our current pulse width. But, in view of the trends in lifetimes with the degree of solvation that we have measured for one to three waters, this explanation seems unlikely, and we consider other possible reasons.
The anomaly shown in our data on the addition of four waters to the dimer, as shown in Table 1 , is a clue; it might be explainable by conformational structure changes if they were to occur at a critical number of water molecules. In fact, preliminary calculations suggest that this may be the case (P. Hobza, personal communication). In calculations of the structure of a number of hydrogen-bonded base pairs, Hobza has found that hydration causes significant structural rearrangement and, with sufficient degrees, structural arrangements that can be described as card-stacked dimers. This argument would suggest the change from a hydrogen-bonded dimer to a stacked dimer once enough water molecules become associated with the complex. The stacked dimer would no longer be hydrogen bonded and essentially would consist of two nearly isolated solvated monomer species. It is expected that only one of the two moieties in the dimer becomes excited by the pump laser pulse (25) . If this were the case, the single exponential decay times observed in our experiments for five to nine waters could result from selftautomerization of the excited 7-Aza moiety by means of a water molecule (26, 27) acting as a catalytic proton bridge (28) . Further experiments are under way to further elucidate this behavior.
Conclusions
On the basis of the results presented in the previous section, it is clear that the clustering of a water molecule with the 7-Aza dimer is not responsible for the formation of the nonreactive dimer. Instead, we conclude that Kaya's original assumption is correct that the temperature of the molecular beam results in the formation of two different structural isomers, one that can undergo ESDPT, and another that cannot (7) . Even though the structure of the reactive dimer is well known and documented, currently we can only speculate about the structure of the nonreactive dimer despite the information presented in this study. Kaya suggested three possible structures for the nonreactive dimer: T shaped, single bonded, and out of plane (8) . High-resolution laser-induced fluorescence (LIF) studies in conjunction with simulated LIF structures for each species led Kaya and coworkers to conclude that the T-shaped structure is favored (9) . However, in considering our findings that a water molecule actually enhances the reaction of the nonreactive dimer originally discussed by Kaya, we believe that Lopez-Martens et al.'s suggestion (17) that a biparallel dimer with out-of-plane hydrogen atoms is a reasonable possibility for the structure of the nonreactive dimer.
We report herein further evidence toward the behavior of the nonreactive dimer, with studies performed at much higher backing pressures. Under these expansion conditions, the resulting clusters are much cooler because of an increased number of collisions, resulting in the formation of a more rigid nonre- active conformational isomer. This nonreactive behavior is illustrated with optical transients presented in Fig. 11 , where it is shown that the addition of water to the nonreactive dimer formed under the most intense expansion conditions does not result in reactive behavior. However, at warmer clustering conditions produced with an intermediate backing pressure, the incorporation of a water molecule allows the nonreactive dimer to undergo proton transfer as in Fig. 5B . If the water molecule were located above such a displaced biparallel structure, one could imagine that the first step in the double-proton transfer occurs as a result of interactions with the water. The water molecule might thereby accept a proton from the five-membered ring nitrogen of the 7-Aza, which could result in a transfer of a proton, initially bonded to the water, to the other 7-Aza's six-membered ring nitrogen and could therefore influence the temporal characteristics. This situation could be envisioned to take place for species having one, two, and three waters, thus explaining the biexponential behavior of the transients before stacking occurs at higher solvation levels.
The question remains why the nonreactive dimer created at higher backing pressures does not exhibit reactive behavior on addition of water. A likely explanation is that at higher backing pressures, a different nonreactive conformational isomer is formed that does not allow water to act as a bridge for the proton-transfer reactions. This behavior has been exhibited in the benzene dimer, where it has been shown that conformational isomers in addition to the T-shaped structure are formed at higher backing pressures (29) . In conjunction with a theoretical study, the information presented here may yield additional clues regarding the true structure of the nonreactive dimer.
